The expression patterns of the osteosarcoma cell line U-2 OS, and three derived subclones containing stably transfected MDR1, NEO and MDR1/NEO genes were compared using cDNA microarrays comprising 8976 known genes and expressed sequenced tags. Data provided new insights into three critical issues. First, MDR1 overexpression was associated with altered expression of genes related to several cellular pathways, including (a) drug influx/efflux (eg, dynamin 3), (b) metabolic enzymes (eg, monoamine oxidase A), (c) cell adhesion (eg, EPCAM), (d) apoptotic signaling (eg, I-TRAF), (e) senescence (eg, telomerase RNA binding protein staufen), (f) tumor suppression-related genes (eg, KISS-1 and ephrin B3), and (g) immune system receptors (eg, LENG2). MDR1, EPCAM, and ephrin B3 expression was confirmed by immunohistochemistry. Second, MDR1 transfected cells selected with either doxorubicin or neomycin showed distinct expression profiles that could be related to differential selection. Moreover, hierarchical clustering indicated that cells transfected with MDR1 alone, or cotransfected with NEO, displayed more closely related expression profiles than cells transfected only with NEO. Third, transfection with NEO and selection with neomycin produced a considerable number of expression changes within the cell. This study further elucidates the genetic events associated with MDR1 expression and identifies novel targets associated with multidrug resistance. (Lab Invest 2003, 83:507-517).
P
-glycoprotein (Pgp) is a 170 kd ATP-dependent transmembrane protein encoded by the MDR1 gene involved in cellular transport mechanisms and reduced intracellular drug accumulation (Gottesman and Pastan, 1993) . Gene transfer experiments have demonstrated that Pgp expression is sufficient for the establishment of the multidrug resistance (MDR) phenotype that certain tumor cells display to chemotherapeutic drugs (Gottesman and Pastan, 1993; Ueda et al, 1987) . However, neither the precise physiologic function of Pgp nor the mechanism by which it induces the MDR phenotype is completely known. Several molecular mechanisms have been associated with the clinical phenomenon of MDR, including alterations of genes involved in intracellular transport, DNA repair, metabolism, cell adhesion, and apoptotic signaling (Damiano et al, 1999; Desoize et al, 1998; Johnstone et al, 1999; St. Croix and Kerbel, 1997) . More recently, induction of MDR has been associated with simultaneous alterations in expression of many of these critical genes (Kudoh et al, 2000) . However, the potential involvement of the MDR1 gene in their simultaneous expression has not been reported to date.
To further elucidate the molecular mechanisms linked to Pgp mediated MDR, cDNA microarrays were used to study the expression patterns of closely related osteosarcoma cell clones engineered to stably express Pgp, the neomycin resistance gene (NEO), or Pgp plus NEO (Scotlandi et al, 1999) . Osteosarcoma cells represent a dynamic model because resistant clones have been shown to display a less aggressive behavior both in vitro and in vivo with respect to parental cells (Chan et al, 1997; Scotlandi et al, 1996; Wunder et al, 2000) . Moreover, because some of these isogenic cells have not been exposed to any previous treatment, they can be considered as pure transfectants, and any genotypic/gene expression alteration could be attributed directly or indirectly to MDR1/ NEO genes or selection with doxorubicin/neomycin.
Results
Differences in expression profiles among derived clones and the isogenic parental cell line were studied in five independent experiments, as shown in the experimental design (Fig. 1) . Out of 8976 genes spotted onto the array, 3987 provided data simultaneously in the three derived MDR1 or NEO transfected clones. Hierarchical clustering analysis (Eisen et al, 1998) indicated that MDR1-transfected clones displayed more similarities to each other than the NEOengineered clones ( Fig. 2A ).
Differentially Expressed Genes in MDR1 Transfected Clones

Genes Associated with MDR1 Overexpression Alone Genes Differentially Expressed in U-2/DOXO 35 Versus U-2 OS and U-2/MDR117.1 Versus U-2/NEO8 Cell
Clones. The only overexpressed gene in these experiments was MDR1. Expression of MDR1 was confirmed at the RNA level by Northern blot ( Fig. 2B ; Table  1) and at the protein level by immunohistochemistry (Fig. 2C) . We observed an increased MDR1 expression in U-2/DOXO35, the cells selected with doxorubicin as compared with U-2/MDR117.1 and the cells selected with neomycin, by cDNA microarrays, Northern blot, and immunohistochemistry. This suggests that in addition to the direct effect of the transfection, the selection agent doxorubicin can induce MDR1 expression. Underexpressed genes included staufen and EPCAM. We confirmed the loss of expression of EPCAM in MDR1 transfected clones by immunohistochemistry (Fig. 3A) .
Genes Expressed in U-2/MDR117.1 Relative to U-2/ NEO8 and in U-2/MDR117.1 Relative to U-2 OS Cell Clones. Overexpressed genes common to both experiments included MDR1 and histone 4. Underexpressed genes included other adhesion-related targets (eg, protocadherin 13), the immune receptor cluster LENG2, and the apoptosis-related I-TRAF gene.
Genes Differentially Expressed Only in U-2/MDR117.1 Versus U-2/NEO8 Cell Clones. Enzymes such as sialyltransferase and mannose phosphate isomerase were overexpressed in U-2/MDR117.1 cells when compared with cells transfected with NEO alone. Genes underexpressed included metabolic enzymes, signal transduction related genes, other adhesion-related molecules such as protocadherin-␣ and zyxin, several membrane transport proteins, and the endocytotic protein dynamin 3.
Genes Associated with Synergy between MDR1 and Doxorubicin. The genes differentially expressed only in the experiment evaluating U-2/DOXO35 versus U-2 OS cell clones could be considered either related to MDR1 or doxorubicin treatment (Table 1) . Overexpressed genes included certain tumor-progression related genes such as the human malignant melanoma metastasis-suppressor KISS-1, other metabolic enzymes, and a gene involved in cell-surface transport; HIV-1 induced protein HIN-1. We have confirmed the expression of KISS-1 by semiquantitative PCR in these clones (Fig. 3B) . Underexpressed genes included the intracellular pH regulator ATP synthase Hϩ transporting mitochondrial complex, other tumor progression related genes such as WDNM-1, other transport endocytosis-related genes such as the mosaic protein LR11, and cell-growth FGF7 genes.
Genes Associated with Additive Interactions between MDR1 and Neomycin. The genes differentially expressed only in the experiment evaluating U-2/ MDR117.1 versus U-2 OS cell clones could be considered related to both MDR1 and neomycin treatment (Table 1) . MDR1/NEO cotransfection resulted in overexpression of a group of genes not affected in U-2/ NEO8 or U-2/DOXO35 cells when compared with the parental cell line. Examples of such changes include a signal transduction gene, specifically a Rac1 associated protein (Sra-1). Among the underexpressed genes were other apoptotic pathway genes such as advillin, and tumor progression associated genes such as the proto-oncogene c-mer.
Genes Associated with Synergy between MDR1 and Doxorubicin and Neomycin. Two genes that were commonly and differentially expressed only in the experiments comparing U-2/DOXO35 versus U-2 OS and U-2/NEO8 versus U-2 OS cells can be considered to be associated with MDR1, doxorubicin, or neomycin (Table 1) . Only the TAR RNA (HIV) binding protein (TRBP2) was overexpressed and the heat-shock protein HSP 90 gene underexpressed in this category.
Differentially Expressed Genes in NEO Transfected Clones
Genes Activated with Neomycin Selection Alone. The genes differentially expressed in U-2/NEO8 relative to U2-OS and in U-2/MDR117.1 relative to U2-OS and unchanged in U-2/DOXO35 cells could be considered associated with neomycin selection. These include overexpression of keratin 5 and underexpression of protoporphyrinogen oxidase. Second, those genes differentially expressed only in U-2/NEO8 versus U-2 OS cells should also be considered. Transfection of cells with NEO resulted in expression changes of genes related to transcription, polyamines, calcium and lipid metabolism, signal transduction, and differentiation. The microarray comparing the NEO transfected clone versus the parental cells was considered a critical control in the Scheme of the experimental design for the transfection and cotransfection of cell lines with NEO or MDR1 genes. Five analyses were performed. First, U-2 OS parental cell line was labeled with Cy3 and compared with each of its derived clones labeled with Cy5: U-2/DOXO35 (obtained by transfection of MDR1 and selection with doxorubicin), U-2/NEO8 (transfected with NEO and selected with G418), and U-2/MDR117.1 (cotransfected with MDR1/NEO and selected with G418). Second, U-2/MDR117.1 RNA was labeled with Cy5 and compared with either U-2/NEO8 or U-2/DOXO35 clones; these latter were dyed with Cy3.
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experimental design. An optimal hybridization was confirmed throughout the dynamic range (Fig. 4) .
Genes Associated with Synergy Between Neomycin and MDR1. The genes expressed in both U-2/NEO8 versus U-2 OS and U-2/MDR117.1 versus U-2/NEO8 cell clones could be considered associated with either MDR1 or neomycin treatment (Table 1) . Overexpressed genes included the BCL-2 athanogene (BAG4) and the NKG-2 type II integral membrane protein gene. Underexpressed genes included Not56-like tumor-related gene.
Second, the genes expressed in U-2/NEO8 versus U-2 OS in U-2/MDR117.1 versus U-2/NEO8 and in U-2/MDR117.1 versus U-2 OS cells could also be considered associated with either MDR1 or neomycin treatment. Overexpression was found for polymerase (RNA) II (DNA directed) polypeptide A. Underexpressed genes included metabolic-, differentiation-, adhesion-, and signaling-related genes. Because these genes were not present in U-2/DOXO35 and U-2/NEO8, and U-2/MDR117.1 clones were selected with neomycin, these genes could be associated with neomycin selection alone. However, because they were present in U-2/MDR117.1 versus U-2/NEO8, it could not be ruled out that the expression of these genes is MDR1 related.
Comparison of Expression Profiles of MDR Cell Clones
We independently analyzed the differentially expressed genes between MDR1 transfected (U-2/ DOXO35) versus MDR1/NEO cotransfected (U-2/ MDR117.1) cells (Table 2) . Genes highly expressed in U-2/MDR117.1 include enzymes involved in drug metabolism, immune response targets, and tumor related genes such as ephrin B3. We have confirmed the differential expression of ephrin B3 in U-2/DOXO35 and U-2/MDR117.1 by immunohistochemistry (Fig. 5) .
Figure 2.
A, Clustering tree-view analysis of the transfected cell lines versus the parental U-2 OS considering those 226 genes showing red/green (R/G) ratios of 2-fold or higher in at least one experiment. MDR1 transfected and cotransfected clones U-2/DOXO35 and U-2/MDR117.1, respectively, were more closely related than U-2/NEO8 transfected clones U-2/NEO8 and U-2/MDR117.1. B, Northern blot of MDR1 gene. C, Immunohistochemical staining of Pgp using Hyb241 antibody in the four cell lines. No band for MDR1 in northern blots and no positive staining for Pgp in immunohistochemistry were observed in U-2 OS and U-2/NEO8 cells as compared with U-2/DOXO35 and U-2/MDR117.1. These observations confirmed an effective transfection/cotransfection of the MDR1 gene. Note how the cDNA microarray R/G ratio was smaller than in the Northern blot as a result of the dilution of the RNA during hybridization. Although total RNA is hybridized against one specific probe in the Northern blot, thousands of cDNAs are hybridized to respective retrotranscribed total RNA (Taniguchi et al, 2001; Yue et al, 2001) . Highly expressed genes in U-2/DOXO35 include transmembrane proteins and immune system involved receptors such as interferon gamma receptor 2.
Expression Profiling of Osteosarcoma
Comparison of Expression Profiles of Different Subclones
To rule out the possibility of clonal variation either produced by cultured cells undergoing somatic mutations during prolonged in vitro periods or epigenetic mechanisms, we verified the expression changes of MDR1 in parallel clones with different MDR1 expression levels (Scotlandi et al, 1999) . We have compared the expression profiling of two subclones of the MDR1 transfection (U-2/DOXO23 and U-2/DOXO35) and two subclones of the MDR1/NEO cotransfection (U-2/ MDR117.1 and U-2/MDR117.2). We searched for genes differentially expressed between each pairs of MDR1 transfected and MDR1/NEO cotransfected clones. We did not observe differences higher than the 2-fold cutoff between these clones regarding the MDR1 related genes identified and outlined above Scatter plots of U-2/NEO8 (Cy5) versus U2-OS (Cy3) experiment. A, Cy5 and Cy3 dyes were balanced taking a normalization factor of 1.13. B, Dispersion of ratios of the dyes along the dynamic range of the square root of the product of the intensities of both dyes. It is common to plot a red versus green channel scatter plot to examine distribution of intensities; however, we found that transforming to fold change versus average intensity displayed the data in a more easily viewed form. The curvature in the scatter plot indicated a dependence on the ratio R on the overall intensity. Optimal normalized data should be horizontal and centered at 0. Samples were normalized using this intensity-dependent normalization using the Splus function lowess (Callow et al, 2000) , which is more accurate than normalization with a fixed constant (Eisen et al, 1998) . (www.mskcc.org/GCL/SarcomaGenomics). The expression of MDR1 was confirmed to have a lower expression in U-2/DOXO23 as compared with U-2/ DOXO35 as well as in U-2/MDR117.2 as compared with U-2/MDR117.1 in these experiments. These observations were confirmed by the analysis of two additional microarray experiments comparing U-2/ DOXO23 versus U-2 OS and U-2/MDR117.2 versus Immunohistochemical staining of ephrin B3 in U-2/DOXO35 and U-2/MDR117.1 resistant cell lines highlighting the diffuse immunoreactivities observed in the U-2/DOXO35 cells and the undetectable levels observed for U-2/MDR117.1 cells, confirming the expression profiling results of the microarrays.
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U-2/NEO8. The complete list of differential genes observed in these validation experiments will be available as supplementary data on our web site.
Discussion
The discovery of the drug-resistance phenotype as an exclusive feature of tumor cells led to the consideration of MDR as a pleiotropic oncogenic phenomenon. With genetic and biochemical evidence that the MDR1 gene encodes Pgp, a transmembrane transporter (Gottesman and Pastan, 1993; Ueda et al, 1987) , the MDR phenotype was initially modeled as a drug-pump mechanism (Dano et al, 1973) . The observation that Pgp was expressed and functional in certain normal cells, mainly those associated with secretory and blood-tissue barrier functions, revealed a physiologic role for Pgp. Although the precise function of Pgp remains undetermined, its major role appears to be related to the protection of the cells against toxic xenobiotics to which they may be exposed. Mdr1-null mice were viable, fertile, and did not display obvious phenotypic abnormalities other than hypersensitivity to drugs and neurotoxicity (Schinkel et al, 1997) . The analysis of these knockout mice produced genetic proof that lack of MDR1 function was not a lethal but a pleiotropic event (Desoize et al, 1998) . Given the inability of the drug-pump model to explain several important MDR phenomena, alternatives such as the altered-partitioning model have been proposed. Its basic principle is that MDR proteins might not directly transport drugs, but that their expression leads to altered regulation of ion transport or signal transduction (Roepe, 2000) . Data from our analyses provide new insights into three critical issues. First, MDR1 expression is associated with changes in several important cellular pathways, potentially involved in the MDR phenotype, which have not been previously reported as a consequence of MDR1 transfection. Second, MDR1 transfected cells selected with either doxorubicin or neomycin showed distinct expression profiles that could be related to differential induction or treatment selection. Interestingly, the differences between these clones might also account for their distinct degrees of resistance (Scotlandi et al, 1999) . Finally, transfection with the NEO gene and selection with neomycin produced a considerable number of expression changes within the cell. This is a significant finding because NEO is a standard control in transfection experiments.
MDR1 transfection affected the expression of genes reported to be associated with the lower concentration of anticancer drugs in MDR cells (Dano, 1973; Roepe, 2000) . MDR1 transfection resulted in underexpression of membrane proteins involved in active transport, such as the UDP-glucose transporter (Chambers et al, 2000) and the sodium phosphate transporter (Tenenhouse, 1999) as well as endocytic transport genes such as dynamin (Modregger et al, 2000) and mosaic protein LR11 (Hirayama et al, 2000) . These findings support an involvement of MDR1 in drug influx by mechanisms indirectly mediated by Pgp. Enzymatic metabolism was modified as well. This, in turn, may alter intracellular toxicity to certain anticancer drugs or xenobiotics. The association of MDR1 and proteasome enzymes has not been documented previously, which supports the new therapeutic efforts targeting this complex by proteasome inhibitors (Adams et al, 2000) .
This study also expands the already described alterations of certain adhesion proteins, such as integrins, in U-2/DOXO35 cells (Scotlandi et al, 1999) . Genes such as osteoblast cadherins (Okazaki et al, 1994) , EPCAM (Trebak et al, 2001 ), zyxin (Hirota et al, 2000) , and specific metalloproteinases (Miyazaki et al, 1990) were underexpressed in MDR1 transfected clones. Cell adhesion is not only relevant for its direct association with drug resistance (Desoize et al, 1998) but also for its involvement in apoptosis (Damiano et al, 1999) and tumor suppression. In addition, the effect of cadherins on tissue morphogenesis suggests that the altered expression of adhesion-related genes could also be related to the biology and differential selection (Scotlandi et al, 1999) of cell clones.
Inhibition of apoptosis could be associated with an altered pro-apoptotic drug efflux by Pgp (Johnstone et al, 1999) . MDR1 has also been associated directly with signaling pathways of apoptosis (Damiano et al, 1999; Johnstone et al, 1999) . Data from our study reveals underexpression of signaling apoptotic targets such as I-TRAF, a tumor necrosis factor cascade effector (Kim and Gupta, 2000) , and advillin, a gene recently related to programmed cell death (Marks et al, 1998) . Accordingly, the percentage of apoptotic cells in U-2 OS was shown to be close to 0, and that number did not significantly differ from the transfected clones (Scotlandi et al, 1999) . Given that alterations in oncogene expression might affect cell-death pathways (Sinha et al, 1995) , the possibility that differentially expressed oncogenes in our series, such as rasrelated proteins, might contribute to this inhibition of apoptosis should also be considered.
Staufen was underexpressed as a result of MDR1 transfection. This RNA binding protein is associated with both the essential RNA component and the catalytic subunit of human telomerase. Staufen has recently been proposed to play a role in telomerase activity, by affecting processing, assembly, or localization . Because both telomere length and telomerase activity have been implicated in cellular senescence and cancer, this finding provides new insight into MDR phenomena, the clinical implications of which remain to be elucidated.
Expression changes of tumor-suppression related genes in MDR1 transfected cells included overexpression of the connector enhancer suppressor of ras (Therrien et al, 1998) and KISS-1, a metastasis suppressor gene (Lee et al, 1996) . KISS-1 appears to be an interesting target because it regulates downstream events of cell-matrix adhesion involving cytoskeletal reorganization; it has also been reported overexpressed in nonmetastatic melanoma and breast models (Lee et al, 1996; Lee and Welch, 1997 ingly, WDNM-1, another metastasis-related gene, was also found to be underexpressed in our study .
The association of MDR1 with immune response targets such as cytokine oncostatin-M (Lu et al, 1993) and the recently described leukocyte complex receptor LENG2 (Wende et al, 2000) had not been reported to date. The underexpression of these genes might reflect a protective mechanism of the cancer cells against the host immune response. Taken together, the above-mentioned expression changes involving cellular trafficking, adhesion, apoptosis, senescence, tumor suppression, and immune system receptors suggest that MDR1 expression might be providing alternative cellular defense mechanisms leading to immortalization in resistant cancer cells.
The less resistant clone U-2/MDR117.1 was found to overexpress genes whose alterations have already been shown to be involved in MDR such as glutathione S transferase (Ueda et al, 1987) , proteasome enzymes (Adams et al, 2000) , and more recently, the kinesin heavy chain (Gudkov et al, 1994) . The association of MDR1 with the tumor-progression-related tyrosine kinase receptor ligand ephrin (Tang et al, 1999) had not been reported to date. The higher MDR1 expression levels of U-2/DOXO35 were associated with higher expression of adhesion-related genes, tumor progression related genes such as KISS-1, and immune-response receptors. None of these genes have previously been reported in osteosarcoma. Because these differences might account for differential degrees of resistance (Scotlandi et al, 1999) , these genes represent potential targets for discriminating MDR patients more likely to progress. In osteosarcoma, MDR has been shown to be associated with a less aggressive phenotype, both in vitro and in a clinical setting (Chan et al, 1997; Scotlandi et al, 1999) , and Pgp was postulated to have a causeeffect relationship with the reduced tumorigenic and metastatic potential of MDR cells (Biedler and Spengler, 1994; Scotlandi et al, 1999) . This hypothesis could be supported by the fact that Pgp is highly expressed in certain mature, differentiated cells, and the tumors expressing Pgp might be the more differentiated lesions in their schemes of tumor progression (Biedler and Spengler, 1994; Gottesman and Pastan, 1993; Scotlandi et al, 1999; Ueda et al, 1987) .
Gene-expression changes reported here are consistent with previous observations and provide confidence in our data. MDR1 transfection affected the three-dimensional cellular skeletal networks: the extracellular matrix (adhesion molecules), the cytoskeleton (actin), and the nuclear matrix (histone). This correlated well with the suggested involvement of the organization of actin filaments associated with cellular differentiation in Pgp function in certain MDR osteosarcoma cells (Takeshita et al, 1998) . Alteration of genes related to alternative glucose metabolism such as phosphofructokinase or the UDP-glucose receptor may be related to the decreased dependance of the cancer cell on oxygen to generate energy (Schwartz and Beitner, 2000) . Expression changes of genes coding for intracellular pH regulators support altered partitioning MDR models (Roepe, 2000) and the association of intracellular Hϩ concentrations with apoptosis (Voehringer et al, 2000) . Expression of HIV-related genes support the involvement of Pgp in HIV infection (Lee et al, 2000) . Finally, RNA polymerase, the ubiquitin-proteasome system, and TRAF-I expression levels are consistent with a recent microarray study evaluating the effects of doxorubicin treatment (Kudoh et al, 2000) . However, it is not clear whether these genes are directly related to MDR1 or secondarily to any of the genes directly expressed by MDR1.
The manipulation of cells by NEO and selection with the antibiotic neomycin appears to provoke expression changes within the cells. Expression changes observed between U-2/NEO8 versus U-2 OS cells can be related to the known RNA-binding capacity of the aminoglycoside neomycin. Neomycin can induce misreading of the genetic code, inhibiting or potentiating catalytic RNAs, and interfering with cellular proliferation and programmed cell death (Schroeder et al, 2000) . Nevertheless, several reasons support considering U-2/NEO8 cells as a control in our experimental design. First, U-2/NEO8 cells displayed an MDRnegative phenotype (Scotlandi et al, 1999) . Second, an optimal hybridization was confirmed throughout the dynamic range in all microarrays and Figure 4 displays the experiment comparing NEO transfected clones versus the parental cells (Callow et al, 2000) . In addition, by comparing NEO and MDR1 transfected cells, we found that most of the commonly expressed genes may be accounted for by the RNA-binding ability of neomycin and clone differentiation rather than by the MDR phenotype itself. Finally, hierarchical clustering analysis showed that cells transfected with MDR1 displayed more related expression profiles than NEO transfected clones.
This study provides a more comprehensive view of the global effects of MDR1 expression by identifying genes involved in MDR related to multiple processes. It also provides a framework for future approaches to characterization of the differentially expressed genes that might be involved in the clinical phenomenon of MDR. The understanding of these transcriptional changes may contribute to translational strategies in predicting resistance and to the development of new therapeutic interventions.
Materials and Methods
Cell Culture and Transfection
U-2 OS human osteosarcoma cells were maintained in Iscove modified Dulbecco medium supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), and 10% heat inactivated FCS at 37°C in a humidified 5% CO 2 atmosphere. The transfection of U-2 OS was performed 24 hours after seeding of 10 5 cells in 100-mm 2 dishes using a standard calcium phosphate technique. U-2/DOXO35 and U-2/DOXO23 clones were obtained by transfection with 10 g of pFR-CMV, an expression vector containing a full-length Sanchez-Carbayo et al MDR1 cDNA for 24 hours. After 2 days in their regular medium, cultures were exposed to selective medium containing 300 ng/ml of doxorubicin and refed every other day for 2 weeks to select resistant colonies. To evaluate the expression changes associated with MDR1 transfection independently of the selection agent used, U-2/MDR117.1 and U-2/MDR117.2 clones were generated by cotransfecting U-2 OS cells with 10 g of pFR-CMV and 1 g of pSV2neo and selected in medium containing 500 mg/ml of the neomycin analog G418. These pairs of MDR1 transfected and cotransfected subclones were selected based on their different but comparable MDR1 expression levels displayed (Scotlandi et al, 1999) . The control clone U-2/NEO8 was obtained by transfection with calf thymus DNA and pSV2neo and selection with G418 (500 mg/ml). All cells were maintained for four to eight passages and harvested with trypsin-EDTA at 75 to 90% confluence.
cDNA Clones and Construction of Microarrays
Microarrays were constructed at the AECOM microarray facility (Cheung et al, 1999) . The arrays contained a set of 8976 sequence-verified human GEMarray clones (Incyte/Genome Systems, Palo Alto, California) representing known genes and ESTs. Sequence verification is being performed on regular basis to validate the identity of the cDNA sequences on our arrays. We have observed only a 5% error rate out of 50 clones that have been directly sequence reverified.
Hybridization Protocols
Total RNA was extracted using the RNeasy protocol (Qiagen, Hilden, Germany). 10 g of total RNA were converted into fluorescent cDNA and hybridized according to the 3DNA Genisphere protocol (Montvale, New Jersey) (Stears et al, 2000) . We have carried out one duplicate or one reverse-labeling experiment for validation of the differential expression profiles among different transfected cell clones. The average of these experiments has been used for the analysis of the results.
Image Acquisition and Analysis
Fluorescence intensities of the immobilized probes were determined from images generated either by a custom-built laser scanner (Cheung et al, 1999) or an Axon automated laser scanner (Axon Instruments, Foster City, California). Gridding of the arrays was performed using either the Scanalyze (Eisen et al, 1998) , or the GenePix software (Axon Instruments).
Before any analysis, plots of the fold change versus the average intensity were examined to look for abnormalities in single-array data. It is common to plot a red versus green channel scatter plot to examine distribution of intensities; however, we found that transforming to fold change versus average intensity displayed the data in a more easily viewed form. If Ired is the background-subtracted red-channel intensity, and Igreen is the background-subtracted green intensity, then the following variables were created: R ϭ Ired/Igreen and A ϭ ͌(Ired ϫ Igreen), where R is simply the fold-change ratio, and A is the average intensity (the geometric mean which is equivalent to averaging the log intensity). The curvature in the scatter plot indicated a dependence of the ratio R on the overall intensity. This curve is then used to normalize the data: logIred/Igreen -Ͼ log (Ired/Igreen) Ϫ c(A) where c(A) is the fit. This is equivalent to multiplying the green-channel intensity (or dividing the red) by an intensity-dependent normalization constant k(A) where log[(k(A)] ϭ c(A). Optimal normalized data should be horizontal and centered at 0 (Callow et al, 2000) . Samples were normalized using this intensitydependent normalization, which is more accurate than normalization with a fixed constant. Normalized fold changes in gene expression were then used to further analyze and cluster the various cell lines.
Statistical Analysis
A critical issue in microarray data analysis is to define an optimal cutoff level to consider a differential expression as discriminative. Given the fact that the derived clones were obtained from transfection-cotransfection of the same parental cell line, we selected a stringent cutoff of a 2-fold fluorescent ratio, and only genes showing intensities higher than 500 arbitrary fluorescence units in at least one of the channels were considered for further analysis. The entire data set of genes showing red (R) to green (G) and G/R ratios higher than 2.0 in each experiment has been tabulated will be available at the web site created for this manuscript at www.mskcc.org/GCL/ SarcomaGenomics.
Hierarchical clustering was performed to explore the relationships among the cell lines and represent them in the resulting dendrogram. Average linkage clustering using the Spearman coefficient test was applied using only those genes that provided data in all cell lines. Only the 226 genes showing R/G ratios of 2-fold or higher in at least one experiment were considered for clustering analysis (Eisen et al, 1998) . Only sequence assigned ESTs and genes with known function at the time of blasting are commented upon in this manuscript.
Validation of the Results: Northern Blotting, Immunohistochemistry, and Semiquantitative PCR. Northern hybridization of certain interesting differentially expressed genes was performed by standard methods (these will be available in our web site). Total RNA, 10 g per lane, was fractionated in 1.2% agaroseformaldehyde gels by electrophoresis. RNA was transferred onto nylon membranes by capillary blotting overnight. The clones were grown, and cDNA fragments were isolated using Qiagen columns and restriction enzymes (Valencia, California). The probes were labeled with [ 32 -P] deoxycytidine triphosphate using random priming. Northern hybridization was performed at 42°C overnight in 10 mL hybridization buffer including 25 ng of the labeled probe. The membranes were washed in 0.2ϫ SSC at 24°C for 20 minutes. Blots were exposed to Kodak X-Omat AR film (New Haven, Connecticut) at Ϫ80°C for 2 hours to 4 days.
The differential protein expression of MDR1 was additionally confirmed by immunohistochemistry and performed on cytospins obtained from all cell clones using anti-Pgp mAb clone HYB241 (Cordon-Cardo et al, 1990) . Ephrin B3 expression was confirmed by immunohistochemical analysis using a purified goat serum (AF395; R&D Systems, Minneapolis, Minnesota). EPCAM expression was also confirmed by immunohistochemical analysis using a mouse mAb (B302 [323/A3]; R&D Systems). Biotinylated horse antimouse and rabbit antigoat antibodies (1:500 dilution, incubation 30 minutes; Vector Laboratories, Burlingame, California) were used as secondary reagents. Immunoreactivities were visualized by avidin/biotin peroxidase conjugated complexes (1:25 dilution, incubation 30 minutes; Vector Laboratories) and diaminobenzidine tetrahydrochloride as the final chromogen. Counterstaining was performed with hematoxylin.
Semiquantitative PCR was performed for the KISS-1 gene using RNA extracted with TRIzol (Invitrogen, Carlsbad, California) from the U-2 OS parental cell line and MDR transfectants. cDNA was obtained from 1 g of RNA by RT-PCR standard methods using Moloney murine leukemia virus reverse transcriptase (Invitrogen) in the presence of dNTPs and oligo-dT. Semiquantitative PCR was performed using 2 g of cDNA and the following amplimers: 5'-AGGACCTGGCTCTTCTCACCA-3' and 5'-AGCAGCTGGCTTCTTCTCG-3'. The reaction was carried out for 20, 24, 27, and 30 cycles, with a 60°C annealing temperature. The PCR product is a fragment of 202 bp, separated by electrophoresis on a 2% agarose gel. The intensity of the amplified product in the different U-2 OS clones was determined by using an image analysis system (Quantity One system; BioRad, Hercules, California) and normalized to the relative value of the ␤-actin product (control gene).
